What happens if we inject spin-polarized carriers into a small nonmagnetic island? This is an outstanding question in the rapidly developing field of spintronics [1] . In metallic systems with submicrometer dimensions, still many (of the order of 10 7 -10 8 ) electron spins are involved. They will behave uniformly if the dimensions of the island are smaller than the spin relaxation length, sf D sf p , where D is the diffusion constant and sf the spin relaxation time. We will show that, in this regime, the spin accumulation dynamics depends only on sf and becomes independent of the transport properties such as D. Previous studies on electrical spin injection and detection have focused on four-terminal devices larger than the spin relaxation length [2 -4] or in two-terminal pillar structures [5] .
Here we report the study of the injection of spins in an aluminum island fabricated with all dimensions smaller than the spin relaxation length sf . The island is weakly coupled to the four cobalt leads by means of tunnel barriers [6] . We will show that, to first order, the system is zero dimensional with respect to the spin and the induced spin polarization in the island is uniform. These conditions correspond to the regime diff < sf esc , where diff is the time for the electron to diffuse in the island and esc the time to escape into the cobalt leads. In addition, there are two other (position-dependent) contributions to the chemical potential of the island, smaller than the spin accumulation, arising from the charge current (Ohmic resistance) and the spin current.
In such a system, spin accumulation can be described in an elementary way and becomes the result of two competing processes: the injection of spins, and their dynamics and relaxation mechanisms. The injection into the aluminum island is obtained by driving a current in and out of two (e.g., electrode Co1 and Co2) of the four cobalt electrodes that contact the island (see Fig. 1 ). Each current electrode i carries a charge current I and a spin current I m;i PI B m i =e, where m i is the magnetization direction of the electrode. P G " ÿ G # =G " G # is the spin injection/detection efficiency of the tunnel barrier, with G " ; G # the tunnel conductances for the up and down spins, where up means oriented in the same direction as m i [2] . The spin relaxation mechanisms drive the out-of-equilibrium magnetization inside the island back to equilibrium at a rate ÿ1 sf . The electrical detection of the spin imbalance is performed by using the two remaining cobalt electrodes, in this case Co3 and Co4. The signal detected by the electrode i has a spin independent contribution 0 x R f 0 ; x d and a spin contribution Pm i , with R f d, where f 0 and f are, respectively, the spin independent and spin dependent distribution functions [8] .
The spin accumulation contribution to the total signal in the 0D case depends on the injecting vector m inj m 1 ÿ m 2 , the detecting vector m det m 3 ÿ m 4 , and the volume of the islandV V:
where DOS 2:4 10 28 eV ÿ1 m ÿ3 is the aluminum density of states at the Fermi energy. For collinear electrodes, FIG. 1. Scanning electron microscope picture of a device. The square aluminum island in the middle is contacted by four cobalt electrodes of different widths [7] . 3 ] is deposited by e-beam evaporation at a base pressure of 1 10 ÿ6 mbar, through a suspended mask, followed by oxidization in pure oxygen (2-10 10 ÿ2 mbar for 1-5 min) to produce tunnel barriers with resistances in the range R TB 1-40 k. Next, four cobalt electrodes 40 nm thick are deposited from a different angle to contact the island. The electrodes have different widths, one pair 500 nm wide and one pair 100 nm, with the widest one having the lowest coercive field. Owing to the magnetic shape anisotropy, the electrode's magnetization lies in the plane of the substrate, pointing in the positive or negativeŷ y direction. By applying an in-plane external magnetic field, we can independently flip the magnetization of the electrodes. We identify a ''parallel'' and an ''antiparallel'' configuration [see Fig. 2(b) ]. From the measurements, we conclude that a third,''anomalous'' magnetic configuration also occurs, in which the two wide electrodes and one of the narrow ones are aligned, while the fourth one, probably due to a slightly different coercive field, is opposite.
The three possible electrical measuring configurations are depicted in Fig. 2 (a): The current I is sent from I to I ÿ , the detected voltage is V V ÿ V ÿ , and the signal we plot is R V=I [10] .
To describe spin transport and spin accumulation, we assume for the moment that magnetization direction in the island is collinear with the electrodes, with " directed in the positiveŷ y direction. Then the island spin dependent chemical potentials are represented in terms of ";# [8, 11, 12] . Figure 2 (c) gives a schematic picture of the chemical potentials and the voltage contacts. In all three cases, the potential drop given by the charge current is 0 eR Ohm I, where R Ohm is the island four-terminal Ohmic resistance.
For the spin contribution, we analyze the three cases separately. In the antiparallel configuration, the spin accumulation signal is given by Eq. (1). In the parallel configuration, no net (average) spin accumulation occurs. However, spin-polarized carriers injected at Co1 and extracted at Co2 give rise to a the spin current of magnitude jI m j PI B =e that traverses the system, causing the spin polarization to be space dependent. It can be shown that this gives a contribution R P 2 R Ohm . This can be understood by considering that one of the two spin channels is partially used and the total conductance of the island decreases. In the limiting case of P 1, the total conductance would halve. In the anomalous configuration, the above contribution to the resistance cancels, as can be seen in Fig. 2(c) , and only the Ohmic resistance is detected.
The measurements were performed by standard low frequency lock-in techniques with a modulation current of 10-100 A. We have measured six devices in detail, one only at 4.2 K, two both at 4.2 K and at room temperature, and three at RT only. For the last three, we have also performed precession measurements (discussed later). Figure 3 shows measurements for the three configurations at 4.2 K in device A, with all tunnel barriers having 20 k resistance [13] . The magnetic field is applied in theŷ y direction. We start with the field at ÿ100 mT, so that the electrode magnetizations are aligned in the negativeŷ y direction. Ramping the field to positive values, we observe a sudden increase of the signal at 30 mT, when the magnetization direction of the widest pair reverses. The magnetic configuration is now antiparallel, spin accumulation occurs, and the four-terminal resistance is enhanced. When the second pair of electrodes also switches at 60 mT, the magnetization configuration is again parallel but with all magnetizations pointing in the positiveŷ y direction, and the signal drops again. For the ''side'' configuration, the spin accumulation signal is 220 m and it is slightly larger, 250 m, for the ''diagonal'' one. The steps visible on the measurements at the switching of the larger electrodes are interpreted as the steplike reversal of the electrodes magnetization, and therefore as discrete changes of the injector and detector vectors, m inj and m det . Note that, in Fig. 3(b) , the left peak does not reach full height. This is due to the incomplete reversal (of one) of the wide electrodes (probably due to domain formation). In this case, the fully antiparallel configuration is not reached. This mostly occurs at 4.2 K.
Graph 3(c) shows no spin signal for the ''opposite'' configuration: The two larger electrodes are always parallel as they flip at the same time. A similar behavior was also observed for a device with tunnel barrier resistances between 15 and 35 k and for a device with tunnel barriers of 3-5 k.
These results are consistent with the assumption of an almost uniform spin accumulation throughout the island [14] . Note also that the signal is about 20 times larger than the signal reported by Jedema et al. in a 1D geometry [4] and comparable with the two-terminal signal in the pillar structures used to study the spin current induced magnetization reversal [5] . Figure 4 (a) shows a measurement in the side configuration at room temperature for device B with tunnel barriers of 2 k. Here the spin signal is R s 60 m. The measurement presents a new feature around 70 mT: While switching from antiparallel to parallel, the signal dips R 5 m below the signal in the parallel configuration. This can be explained by assuming an anomalous configuration, see Fig. 2(c) , where only one narrow electrode has reversed. The detected signal is the lowest and equals the Ohmic resistance R Ohm . At a higher field of 120 mT, the other narrow electrode also flips, returning to the parallel configuration, and the signal increases by R P 2 R Ohm . We thus obtain a coarse estimation of P 16%. Another two devices with the same tunnel barrier resistances showed similar behavior and gave the same spin signal amplitude. A device with higher tunnel barriers showed a room temperature spin signal of 90 m.
To accurately determine the spin relaxation time, we measured the precession of the injected spins under a [2, 4] . To derive the spin signal, we use an approach similar to that of Johnson and Jedema, but now derived explicitly for the 0D geometry [11] .
Let us assume m inj ; m det perpendicular to B and the angle between them. At t 0, spins parallel to m inj are injected in the island and precess. The contribution to the detected signal at a later time t is proportional to expÿt= sf cos! L t , where the exponential factor accounts for spin flip scattering. Integrating over the possible times 0; 1, the spin accumulation signal becomes
a linear combination of an even and an odd function in the field. This equation reduces to Eq. (1) for jBj 0.
In the experiment, we apply first a magnetic field in thê y y direction to set the leads' magnetic configuration to either parallel or antiparallel. Then, with theŷ y field switched off, we measure the spin signal as a function of the perpendicular field. The resulting spin precession is shown in Fig. 4(b) for device B. In the parallel configuration, only a small dependence of the signal on the B field is detected. In the antiparallel case, the spin accumulation reaches a maximum at ÿ20 mT and decays asymmetrically. We fit the spin signal with Eq. (2) to which we have added a constant term for the background Ohmic resistance. The fitted curve, Fig. 4(b) , is superimposed on the measurement, and agrees very well with the experimental data: We obtain sf 62 ps at room temperature and 0:13. The latter, we believe, reflects the fact that the tips of the larger electrodes have a triangular shape and the end domains are not exactly magnetized along theŷ y direction [see Fig. 4(b) insets] . Assuming that only the wide electrode magnetization is rotated by , jm inj j jm det j 2 cos=2, we find P 7%. These values agree with the results of Jedema et al. [4] . Note that, taking into account the detection efficiency P of the component of the signal, the spin accumulation is " ÿ # =eI R s =P 60 m=7% 850 m, thus dominating the Ohmic resistance. Using the diffusion constant for aluminum at room temperature D 5 10 ÿ3 m 2 =s, the diffusion time diff L 2 =D 30 ps [15] , and the escape time esc R TB e 2 DOSV V 10 3 sf . This shows that the relation diff < sf esc is satisfied.
In conclusion, we have measured zero-dimensional spin accumulation in a mesoscopic aluminum island at 4.2 K and at room temperature and also coherent spin precession. We have observed three contributions to the total detected signal: the overall spin accumulation (being the largest), the Ohmic resistance, and the effect of the spin current. From the precession measurements, we have determined the spin relaxation time and the orientation of the magnetic leads. The control of the spin accumulation in the dc regime that we have demonstrated opens the way to the study of the island's magnetization dynamics with time dependent spin injection in the radio-frequency regime.
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